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A) AA-96 3211

JolII~ R. An&mon*’ ancl Dcmnis litz.ge.raid*

Jet l%opulsion  I.aboratory
California lnsli[utc of Tec}lnology

l’asackna,  California

At)s[racL

“1’hc  large nlass, IOVV flrsl icrniz.aliml ~ro[crltial and large electron impacl ionizatiml crcrss-scclion  make
Ill]cknlirlstcrfullcrc. rlc ((:6fj) pomlially a[traclivc as an ion engine propcllan[. 11 has dlc pmntial for significant
increases in engine, c.[flcicncy  over that obtained will] xc.non at specific impulse.s lc.ss than 3,(K)O s. Onc ploblcln
cncounlcrcd in fullclcrw ion engine.s has bcm dissociation of [he propellant. l’rcviously this was altributc.d 10
Lllc.rmal decomposition rfuc to operation of the ion c.rlgine at tcmpcralurcs greater dlan 1073 K. ~lowcvcrt dllriW
tests conduc[cd tcrnj>cra[urcs  Iowcr It Ian 1073 K fullcrcnc fragrncnla[ion  was SI ill observe.d. ‘1’his prolnp[cd  an
invc.stigation to dctcrminc if the dissociation was still duc 10 thcnnal effects or if it was duc to collisional procmsm
in the discharge chamber. An Kxll ])robc designed to discrirnina[c  bclwcm  C@+ and C5g+ was u.scd to dctcwninc.
llrc composition of pcrsi[ivcly cllargc4f parliclc.s  cxlraclcd  frcm a fllarncl)l  cathcxlc ion c.llginc. kically only C60”4 ions

would bc cxtractcd from the ion cn[:inc; however, in addition to C60+ large quan[ilics of fullcrcnc fragment io[)s
wc.rc observed. I)uring thc,sc tests tbc. ion engine. was operating a[ tcmpcra(urcs  below 900 K and fullcrc.nc
fragmcnta[ion was not dctcctcd in lhc vapori~cr  used to suIq)ly  ions to the discharge chamber. }Iowc.vc.r, afto
rllr}lling lhc Cnginc cfissociatcd full crcnc  rc.siduc. wis fourld h lhc ciisct  Ia[ gc Chamber. l’ypicalty  d)is residue ac.coun[cd
for bctwczn 1/3 and ?./3 of the. C@ mass su])~)licd to the discharge charnbcr  during  an cxpcrimcmt. From these.
rc-srrlts i[ is evident that [hc fullcrcnc dissocia(ioll is caused by proccs.scs  inhere.nt to plasma  production and no[ rfuc to
thermal c. ffccts, provided the iorl engine tcrnpcra[urc  is below 870 K. ‘llIc amount  of fragmentation observed during
this testing scxms to conflict wi[h fragnlcnta[ion  cross- section data appearing in the Iitcraturc.  In llIC lilcralurc dlc
appearance energy for ful Icrcnc fragmcn[ ions is grcatc.r than 45 c.V; yc.I sutrstari(ial  fra~mcntation  was ob.served whc.rl
the ion engine was operated al IOWCI discharge voltage.s. I’lIc apparcn[  discrci)ancy  can bc resolve.(i by noting Lilal
electron impact ionization of C60 produces a rnclaslabic  ion which has an cnclgy dcpcndcnt half-life before il
fragrncn[s. In the cross- sccticm cxpcrirncnts C~O is ac.ccicratcd  into the mass s~rc~tromc.tcr  widlin 1 to 10 M of [hc
time. at which it wag ioniz.cd. la conhast  the avc.rage reside.ncc tirnc for a C60 in an ion engine. is two to !hrcc orders
of rnagnitudc longer (- 1 ins). As a result more dissociation wiil bc observed in an ion engine [Iron in tbc. cross-
scttion  cxpcrimcnts  even at Iowcr clcclron cncrgics.  “1’here.fore, if fullcrcmc.s arc (0 bc a useful propellant nlcdmds
nlust bc (icviscd to cfflcicnliy process large arnourlls of (;60 on much shorter lirnc scaics than liIOSC typic.ai Of
collvcn[ionai  ion engines.

i[rllmisc  in lhc 1,000 to 3,000 s ran~{: [ 1, 2]. Since
]ntr~lu~!iw! 1991, thlcc groups [3.5] have rcfmrtc.d successful

opcmtion  of arc [iischargc ion engines u<ing fullc.rc.nc as
Ikcausc  of the Iargc.  mass, iow first ioni~aliol) a ~mpsllarlt,  Arldcrson  and IJit/.gcrald  [3] were able to

Irolc.nlial and large C.lcclron  irnpacl  ioniz.alien closs- c.xtract beam currents bctwcm  ? and 3 mA frotn  their
section, i t  h a s  bc.cn su~gcs[c.d  Ihat u s c  of cicvicc with a nc[ accelerating votlagc  of 1.9 kV
lluckminstcrfrrllclcnc  (Cm)  as a propellant n~ip,hl rc.srrll (corrcspolding, toa C60ionvclocity  of?2,500r11/s)
in significant incrcasc.s in ion engine efficiency over an(i a minimulm discharge voltage of 22 V. I’hcy
that obtained with xc.non formissions  rcquirin~s~rccific con firrnc.d the prc.scncc  of fulicrcnc,  iom by mass
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the mm is heated the fullcrmws  sublimate and c. ffuse
through the hafffc plate into the discharge chanlbcr.  A
small fraclion of the. fullcrc.nc. mass flow is dircc[cd
reward a water cooled In ficon mode.f X’1’M/2 quarlz
crystal micro-halancc (QCM). Real-tin)c n~casurcm~cnts
of the ram al which fullc,rcncs condcnsc on (IIC (-X’M
can bc corrc.tatcd to [he aclual mass flow of fulicrcncs
into [hc discharge chamber (hrough  a calibration
ccr]lslarll.

‘1’hc.  Q~M used 10 inonitor the fullc.rcm flow
rate is water mcrlcd an(l IIIC tcrnpcraturc of IIW Q(’M
holdc.r was Ilc.ld below 300 K durin~ all c.xpc.r illlc.ll[s
which is cold enough 10 keep fullcrc[lcs  from
Sublinlaling  from [he Q~M.  Ilccausc lhc. gcolnctJy  0(
the cxpcrirnc.ntal  apparatus dcw.s rrol change duril)g  a
~mr[icular c.x~~,rinlc,n(,  it is assumed lhal llIC fraclit)lt  of
the, flow impinging cm the QCh4 remains cons[an( iis
[he. flow rate and ion cn~inc tcnlIw.rature. vary. ‘1’llc
syslc.m is  taken apart  tmtwcc.n  runs 10 rc.sul)l)ly
fullc.rcmc.s to lhc own rcsulling in sligh[ variations of
alignment lw.twcmr (IM oven and ~;M from run [o run;
thcrcforc,  calibration constanL$ arc obtairrcd for carl] run.

‘I”hc calibration Corlslant  for Iotal flow ralc. is
dc.lcr[nincd  b y  wc. ighing [he. fllllcrcrlc-fll lc(i quar[y
tllinlt)]c bc.fore ami after each run [0 fln(i Ihc to[:ll nlass
of cvaimratcd rnatcrial.  lhis quantity is tiler) divi(lcxi by
the. totai accurnuiatcd  mass on [he. QCYM cryslal [o
Ol)lain the calibration cons[arll  ~ whc.rc

~=_--. AM (1’.0.  3)

J n) {it
(](’111. .1

a[l(i AM is [iIc to~ai mass subiima~cli  from [hc crucil)lc,

ril is the. mass flow con(icnsing orl ttlc QCh4 and [he.
(ICI]]

inlc.gra[ion  is over [hc tin]c ‘1’ (luring wilich fuiicrcncs
flow to the, QCM. ‘]’hc,  actual mass flow rate. [o [he

(iisckrrgc  chamber rij i s

ri] = (C- 1 ) rilqc In ([;(]. 4)

‘i’hc QCM is iocatc{i api)roxima[c]y  70  nlnl frotn Ihc
crucible. and fullc.rc.r)cs arc. ciirc-c[cxi  Ioward [hc Q(’M
ttlrougil a 1.4 mm [iiamctcr  aiwrlurc  irl (tic oven. Wllh
lilis configuration, C ty~)icaily  varies bclwccn  6x lo’!

and 8X 1(P

I Ion engine. lcnipcraturcs  arc monitored by
Ihcrmocoup]cs allachc(i 10 Ihc oulcr diarl)elcr  at Ii)c
upstrc.arn  and downsmam  cnd of bolt] IiIC anocic and

A i)lmtogra~)tl of the assc.n)bicxi ion engine is
SIIOWI) in l:ig. 2. “1’hc ac.cc]cralor  g] id, vi.siblc at lhc top
of the [hrustcr, is al[achcd  10 and ckxxrically i.solahxi
from a s[ainlcss  slc.ci mounting ring with ccrarnic
standoffs. ‘i”hc .scrccn grid focatcd (iirc~lly  below [lIC
accc. fcratm gri(i is attac}~cd physically and clcztrically [0
the nloull[irrg ring with slainicss  skxl  si)accrs. “i’hc
di.sctmrgc.  clm~twr and ovc.n arc ~cul(iwichrxl  tw.lwm] the.
oi)[ics systcIII and a rc(aining plate a[ [he ui)s[rcam  cltd
of tile thruster. “Iwo of tk four rwis usc.d to atlach [hc
nlourilin~ rii]g to the pialc arc cic.arly visible in I;ig. 2.
Also visible in }:ig. 2, arc the an(rdc }tca(cr wires ari{i
the. oven (iianlctc.r hcmr wire. ‘1’hr troron-rlitridc.  ring
usc{i 10 clc.cll ically isolate the armic fronl lhc oven Call
aiso bc srxn irl [he, ihomgraph.

Sut)scqucnl [0  oblairlinr,  llIcsc.  [~hotogra[)lls,
llIc ovcrl an(i aIIodc wclc wrappcxi wilt! larllal urn foil 10
l)rovi(ic  [hc.r]nal radia~ion shiclciing.  When dtc cngirlc is
rncruntcd  in llIc vacuum Ch:inlbcr lhc rclaining I)lalc is
nwur]k(i on ccrarnic  smdoffs so tlIaI the. cn~inc, can k
biased to [hc (icsircd potcn[ia]. “1’0 slticld Iltc lliruslcr
fron) ambic.nt piasrna a ground scrc.cll surroun(is  [tic
crllirc. engine c.xcc.pl for tile op[ics syste.nl.  In addiliorl,
arl clc.c[ron)a~nct  caixrtdc of i)rwiucing rriagric[ic ftclds
as Iligh as 0.02 “i’c.sla is piac.c.d arourd the tllrusmr.

“1’hc. ion oi)tics syslcnl was rc.nmvc.d to i)rovide
a vie. w of the intcricrr of (hc discharge chamber in
l’i~  ~. Visihic  is the baffle i)lalc use.(i to im)vi(ic
ful Ic.rcnc  flow tw.twcc.n  the. oven an(i di.whargc  chanlbcr.
‘Ihc [wirl  bore. ceramic tutrc u.wi to iso]atc [hC fllanlcril
cattlmic leads from the. anode earl also bc sc.crl.  Also
rmlc lhc. smail  lube, ic)calcd a[ llIc cc.nlcr of lhc OVCII,
which is mscd [O (iirc<[ fullcrcncs  toward [l)c ~;N4.

‘1’o  dclc.rrninc [hc spccics  o f  i o n s  being
c.x[rac[c.ri from the ion engine an IIxB ~)rotr. dc.signc(l 10
imvi(ie  24 a.nl.u. rcsolu[ion a[ 720 a.rri.lr  was dcsi~rlc41
arl(i  cons[ructcxi.  A schematic of [he. probe is shown ~n
I’1~,. 4. ‘l’lie probe oiwralcs hy collinlaling  a srn:ill
frac[iorl  o f  lhc api)roaching  bc.anl iorls wi[lt (}IC
0 .?5 rnil) by 19 mm slits al each cnd of Lhc 2.5 cm
square., 2.’/.3 cm long collimator tube. I’hc, (iowrls[rcam
cnd 0( [lIc. coilirna[or  [ubc cx[cnds  2.5 cm in[o [hc IIAII
sccliol)  10 rninirnim fringe flcl(i Cffccts. Ions c.rlk’ririt:
ltlc 61 cm long l~xll section cncourltcr  a pcrn)allcn[-
n]afglel in(iuccli,  0.15 ‘I’csla [i flcld an[i an K-fictd utiicll
earl t)c varic(i  b y  changirlp,  [Ilc imtcn[ial diffcr{>llrc
t~twccll ttm pialcs wi)ich arc sjmcc~i 3.5 cm aimt. ‘1’lw
1(1-flcld l)la[c.s arc made from charmcls which arc 3.6 cln
km~ in the (iircction i)araiici (0 ti)c coiiima[or  sli[s  an(i
have Icf,s t]lat arc ].1 cm iong [rc.rlmdicu!ar  [o lhc siiLs.
AI a ~ivcn i)ia[c i)ok.ntiai (ii ffc.rcrlcc all ions, cxccpt
lhosc in a narrow vcfocily  range, arc dcflcctc(i  a~’iiy
frot~l the coilmor. I’he ccrllcctor is housed in a 7.0 cmoven.
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Icrl)g S[CAA  tube cquippcci wi[ll a 0.25 mm by 19 m[n
cntrancx slit; this tube also c.xlcnds 2.5 cm il]to IIIC
I:X II region. lbxau.sc [he. probe dis[inguishc.s  based on
ion vcJocity, ions wilh diffcmt mas.scs lwI Ihc. Sam
kinetic cnc,rgy arc scnsc{i at different plalc irotc.ntial
di ffcrcnccs.  By swc.cping  [hc plate Ixrtcn[ia]  diffcrcncc,
plots of currc.nt  reaching the collcztor as a function of
(his diffcrcmc.c  can bc gc.ncratcd;  various s~rcrics of iorls
c~in bc irtcntifirxt  from such plots.

Preliminary Calit)ration of the 11x1)  l)robc  was
dol)c using a mixture of xenon. kryp[crn  and argon.
Shown in l;ig. 4 is an lCXII probe trace ch[aincd with a
1,5 kcV ion t~arn cxtraclcd from the crrginc  olmating
wi[ll a 58 V, 0.95 A disc]  )argc.. Al[lmugh tt]c. crl~inc
could bc operated on the gas mix[urc  at discharge
wlllagc.s  as low at 25 V, ttlc high discllarg~c volla~c was
used to insure, that dctcctatdc  ICVCJS  of doubly ionimi
~as atoms would appear in the traces. Idcntiflcd  on [hc
trace arc singly icrni~.cd xc.non  at 213 V, kryl)mn at
?6-) V ald argon at 391 V. ‘1’hc doubly ionimd xc.rml
lrc<ik appears a[ 303 V while the doubly iotliy.cli krypmll
~)c.ak  ovc.r]aps the argon peak al 381 V. ‘1’hc tri~)lc
xenon peak should appear at 372 V and is ovcrlal)lwd  by
Itlc doubly iorlizcd kryj)ton peak. ‘1’hc [riply ioni~.c.d
krypton peak appears a[ 469 V. Usillc this c:ilibration
singly and doubly ioni~,cd Cm s~muld ajqwar at 91 V
and 129 V, rc.spcztivc.fy. ‘1’hc fullcrcm  u.scd for the.sc
c.x~rc.rimcn~s  had a small amount (Ic.ss than 5%J) of C70
ill lhc powder which was vapori~.cd.  TfIc singly and
doubly ioniml (:70 should appw at 84 V ard  119 V,
rc.s~mli vc.1  y.

I’hc tx 1~ probe is capable of rc.solving
isotopes of [he. calibration ga.scs. I’tlc main isotopes of
xc.non arc Xc] 36  ( ( ) . ( ) 8 9 ) ,  Xcl 34 ( [ ) .  ] 0 4 ) ,
XC]32 (0.2.69), xc.1~] (0.212), XC]30 (0.041),
XC.129  (0.2GI), and Xcj2g  (0.019). “1’hc main isotopes
of  krypton arc  Kr~6  (0 .173) ,  Krg4 ( 0 . 5 7 0 ) ,
Kr8~ (0.1 15), Krg2 (0.1 16), and Kr~O (0.0225). Argon
has onc main isotope, Ar40 (().9995). llcrc [he.
subscript aflcr tlm gas symbol dcnolcs  the alorl]ic  mass
of the isoto[x. and the number in brackc.ts  is [hc rnolc
fraction of each isotope. I’hc pC.akS  due. to sin~ly
ioni~t.d xcmort  and kryl)ton arc c.nlar~cd irl }:ig. 5. l:our
isotopes of xcnml  (Xc. ] 36, XC] ’34,  XC IS?, XC 129) Can
trc resolved. “1’tlc  Xcl ~ 1 peak ovc.r lal)s IIlc Xc132 Irc:ik
arid is c-annot bc rc.solvc41  in this plot. Illc o[llcr xclmrl
isolopcs have a small mole frac[ion con)parcd  to the
five iso[opcs  Iis[rxt  and also arc no[ resolved in I;ig. 5.
‘It)c four major krypton isotolrcs  (K I so, Kr84,  Kr83,
Kr~~,) arc rc,solvc(i  in l’ig. 5. Probe mass rc.solulion  k

given by

M/AM . [2q/(MAV)]  l/2 A (I;q. 5)

where hfi is [hc mass of the. particle, q is the. charge of
(tic parliclc,  AV is lhc polcmial  through which the
lmr[iclc has bc.cti accctcratc.d and A is a constant
amociatc.d  wilh the probe gcxmc.try  and magnclic  flcld
strcng[h, Since the probe cfin resolve 1 a.m. u. at
84 a.rn.u. lhc lmobc should bc ca~]at)lc. of rc.solving  ?’5
a,lll.11. al 7?.0 a.111.11.  “1’hiS iS ~OOd CnOU~h  [o KW3]VC
C(K)  and (’s~ as WCJI as srnallcr fullcrcnc.s

Q~nlLw$ili~!l  ~f ~:.x~rfl~[c~ I’ullcrmc.  1.NI ~l~~rl~

‘1’hc ltx 1] [H obc w a s  usc.d to dctc.rminc t})c
spc.tics of ions bcinp, cxtractcd  from the. ion engine.
ldc.ally  oll]y  s ingly and doubly ioniz.c(i (’60 would
a~]~rcar  without any Iragmcnt ions. IIowcver, it can bc
SC.C.11  fro[ll [IIC  trace in I;ig. 6 tlia[ [his is not [tic case.
Shown is an 11x11  ttacc obtained with the ion c.nginc
o[wratillg on fullc.rcllc.s with a 39 V, 0.74 A dischar~c..
“1’hc.  f{lllc[cnc flow ra[c var ied bctwccn  0.17 arid
O.18 nl#s while the t]acc was being taken. ‘1’hc flow
ra[c was at ils maxinlum  valuer when the plain p31cn[ial
diffcrc.ncc. was about 130 V and was at the minirnuln
value wllcr] [}Ic.  [race suirtcd  at 60 V and c.ndcd at 2(K) \’.
“Ihc rlct-flccc.lc.ra[ ir]g vollagc. was 1.5 kV while Ihc to[al
accclcralill~  voltap,c. was 2.0 kV. 2’hc. beam currcrit
varied bc[wc.cn 7.5 and 8..5 n)A while. the trace was
being oblainc.d; lllc varialiorl  correlated with ltlc
wirialiorl  in fullc.rc.nc. nlass flow’  ra[c..

As seen ill [Ilc trace singly iorlir.c.d  fullcrc,r)c
fliij:lllcnt ion fronl r26(.2,r) (n=(),  1,...,13) arc. evident. A
signific;int  signal duc to doubly ionimct  fullcrc. rlc
fragnle.nt  ions is also seen in l;ig. 6. It is evident [hat
llm illaglliluctc of the signal dccrc.ascs  for frap,mcnls
smaller than (’fo:  however, tlm peak a[ [tic location of
dout)ly  iorlimi  {:40 is Iargc.r [ban that for (’42,+.  ‘1111s

occurs bccausc  ~60 + + + ap~)cars at the same plate

[m[cntial  diffcrc[lcc  as ~40+ + A t  p l a t e .  prrlcntitil

diffcrcncc.s  grc.atcr than ltlat for r240+ + (1 S7.5  V) ,
doub]c. arid 11 i[)lc ion peaks overlap and it bc.comes
difficult to resolve son)c  of the jw.aks.

11 is dcsital)lc  to dc.tcrlninc  the fraction o f
fullcrcnc fra.grlicllls  ions which arc c.xtrac[cd from [hc
ion c.llg,i[lc..  Idc.ally if ~waks duc to diffcrcrlt spmic.s  of
ions do not ovcr]ap in tllc. ICXII ~)rotw.  lraccs,  lhc. cllrlc.111
dcrlsity al lhc. p r o b e  collirnatcrr cntrancc  sl i t  1s
I)ropor[iollal  10 ttlc. [)c.ak hc.igh[ f o r  tlla[ spccics.
1 Iowc.vcr,  in the triicc shown in l:ig. 6, ttlc peaks do
overlap and thcrcforc  [hc peak Iwiihls  do no[ indicalc
[Im true curr’c.rl[  dc.nsi[y.  “1’hc  ac[ual currc.rl( dc.nsity can
bc brack.c.tcd by taking the peak hcigli[s from the trace
([his lmvidc.s  an ovc.rcs[irnatc)  and by using the distanm
ttlat the. Iw.ak ri.scs abmw Ulc v;illc.ys on ci[hcr side (lllis
i)rovidcs an undc.rcstima[c). When [Ilis is done for LIIC
dala in l;ig,. 6, lhc upper and lower bound (MI fraglncllt
currcll[ frac(ion for singly ior)i~.c.d  fullcrcncs is 0,689
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anti ( ) , 8 ( ) 4 ,  l’caks f o r  (’()()+  Ihloll:tl C37”+ ~’crc
inclucfcd in [hc calculation. I~r3r  doubly ionimi

fragmcml cllrrcnt peaks  f rom C60+ ‘ 10 C42+  + a r c

il)cludcd in the computation. Peaks Mow (:42+ + were.
not incllldcd tk~.ausc triple ions arc mixed ill with IIIC
doLIMcs peak. I’hc. fr;ignlcn(ation  currcrlt fraction for
double ions is bounded bc[wcm  ().81 1 ~ind ().8547.
l;rom these dala it is cvidc.n[ [hat a large fraclion of lhc.
fultc.rcncs in lhc disclmrgc.  chan~tw  rtiss(rcialc bc.fore
Ilic.y arc cxlraclcd.  11 is no[cd that lhcsc d~ita w e r e
ot)lainc.d  wilh [hc Illruslcr  o~)cra[inr,  al lcllllma[urcs
hclow  910 K where [Imllnal dcmm~msi[ion of fullcwncs
is nc.gligiblc. “1’hLIs  II i s  aIJIJarc.rll  lhal Il)c ohcrvccf
fullcrc.nc degradation is duc to promsscs  illhcrc.nt to
]moducing a plasrl)a.

}Jur[hcr cvidcrlcc  [0 sulqx)l I (his clailll is found
from examination of lhc ion C.llgi[lc af~cr a tyl)ical
cxpcrinlc.nl. Af[cr  cxpcrimcllts  IIIC. ion engine is
disassc.mblcd  and c.xamincd. WIIcn lhc ovc[[ i s
c.xarnincd no cvi(tc. ncc of fullc. rcrlc fragl[lcnlalion is
obsc.rvcd. IIowcvcr,  whc[l the discharge ctlarnbcr
interior is cxarnincd, a black rc.siduc  coats the cnlirc
inside of  lIIC ctmllltwr. I’llis  rc.siduc is collc.clc.d ald
wc.ighc.d and tyi)iciilly i[ accounts for 1/3 to 2/3 of the
fulicrc.nc  mass whirl] was placed in h oven at (he. start
of lhc cxpcrimcnl. (’hc.rnical  analysis of ltlis residue
shows tllal it (iw.xs 1)01 conKiill  fultcrclm.

I’IICSC.  rcsulls  sc.cm 10 bc al o d d s  wilt]  lhc
cross- scdion  cx~wlilllcnls di.scwsscd ill [I)c irl[rocfuclion
where 45 cV clc.clrons were. required trcforc fragment
ions wcl-cdclcclcd. ‘I’t~is  (iiscrc.l)al~cy ci\ll bc rc.solved if
il is nolc.d Ihal clccl Ion impac[  imliza[ion  produces
nv2.tas[al)lcC (~)+ ions V.’hicl]  tl:ivca ll;ilf- lifct~fc)rc.tt)cy
fragmc.rl[,  In  [Ilccross-scclion  Cxpcrin)clll$  fullc.rc.nc.s
arc. ac.cdrmlcd lowarct k mass spccuo[nc.[cr  willlin 1 10

10psof  ltlcli[llcalw’tlicll  lllcyarc~)rmltlcc(i, l’y~)ic.al
rmidc.nc.clime.s for fullcrcncs  inan ic~r~cilgir]ciircc)n  the
ordcrof 1 rnswllich islu’otc)  ltlrcl. orclcrsc)  frllaglli[ll(lc
lon~cr.  ]Icrausc  of Lllc diffc.rc.ncc in [i[llc scales ltlc
~mohabilily llla[ a fullcrcnc will diss(wia[c  trcforc. i[ is
accctc.ralc4i is muctl tlighcr in an io!l [Iirus[crc.vc.n  with
]owc.r c.ncrgy clcc[rotls. Aldmuf:h  only posi(ivc ior~
fmfync.n[alion  hastrcxvl discussc41 hclc, [tlcrcarcrnany
more [)[(K.C.SS  OC(Urllll~, in Olc. discll;ir[!c cllalnbc,r which
c a n  purn~)  cricrgy  ill[o fullcrcnc.s. l’hc.sc  include
nc.galivc i o n  fo[lna[ion, and iol)s inl~)acling II]c
discharge char[ltm walls ufilh killcllc Cllcrgics on Ihc
ordc.r of dlc.discharge vollap,  c. [iach of [Imc])roccsscs
can imparl inlcl [ml c.rlcrgy 10 fullc.rcrltialld  lead tolhcir
eventual fmglllciluilioln.

c~nclusirm~

lixpcrimcn[s  were ccrnductc.d which show
substantial fultc.rcnc  fra~nlcnlallon  occurs in ion

engines  opcra[ing at [cnl[rcra(urcs hclow 910 K. ‘Ihc
riissocia[ion was found (o bc caused by i)roccsscs
irlhc.rent m producing a plama in a(iiwtlarp,c.ctlallltwr.
Ilccausc  fUtlC.rC.IIC frafyncnLlliorl  ill a ltu USICr rCdUCCS  ltlc

lhruslcr c. fficicncy and if scvcIc cnou~h can rcsul[ ill
shorling  o f  clc.clrical  Conllloncnls.  a  rnclhod of
clinlinfiling,  fragmcn[alion  before the accc.tcralion must
bc foumi in order for fullcrcncs  10 tx’ a useful pro~wllanl.
‘I’wop(msit)ilitics  c.xisl foriirc(~rl~~)listlirl~  [his. (hlc is
10 ionirc fullcrcm.s  wi[houl ~Julllpin~ Iargc anmunti  o f
cllcrgy i[llo in[crnal cncrcy w’lllrh sllbscqucrl[ly causes
dissociation. Surfaccorficld it)r]izali[)rl lllij:tllt~llscii
[oaccolll]~lis}]tllis.”  ~l)c sccol)(l Possit)ili[y  issuf:~cstcd
by ll)c low fri{gltlc.[llfllio[] ra[c obsc.rvcxt on Itlc stlort
[in]c scales used in the c[oss-sc.ction c.xpcrimcll[s.
NaII~cly, futlc.rcmc.s mus[ lw ~lrocc.sscd on a much stmr[cr
lime scale Ihan IIlosc Iyl)ical of ion thrusters 10 avoid
frap,mcntation  b e f o r e  lllc.y arc accclclalcd.

.,.O

;icmnplish  lhis microlhruslcrs  wilt] dilllcllsions  Orl lhc
ordcrofo.1  mnl would trcrcqull  cd.

A~k]iO~lCLl~ll~~r)l~

‘1’hc r e s e a r c h  dcscrll)cd ill ltlis ~m[)cr  wtis
conducmd  al the lc.t l’[ol)ulslorl  t<atwralory, (:tiliforllia
lnstilulc. of  ‘1’cchnology, u n d e r  contract  will)  Ihc
National Acrolmutics a[)d S~racc Adminis[ra[ion.
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6

4

2

0

c+50

Discharge Voltage = 38.5  to 39 V
Discharge Current =- 0.73 to 0.74 A
Fullerene Flow Rate == 0.17 to 0.185 rrIg/s
Discharge Chamber Temperature == 63010635 “C
Cathode Filament Power == 55 to 55.5 W
Electromagnet Current = 0.56 A
Net-Accelerating Voltage =. 1.5 kV
Total-Acceleratir)g  Voltage =2.0 kV
Beam Current == 7.5 to 8.5 mA

c +- I
60

1 c +4

50

———-.. .— L..__ -——-L–.--...-——_L—  . . . . . . . L. .-_. -.._l__._.- . . . . . . ..b
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Plate Potef]tial  Difference (V)
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